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| ‘ The effect of radar data and site location epr
‘ determination during the earth parking orbit

investigated. This memorandum reports the reasy
; investigation for the case of several stations X
3 during one complete earth orbit. Results were repox

earlier1 for a single ship tracking immedlately after inser-
tlon into earth parking orbit.

The method used was a computer simulation and 1s described

in detall in the report of the previous investigation.
Basically, two computer programs were involved. The first
simulated a radar by generating radar data (azimuth, eleva-
tion and range) corresponding to discrete times during the
pass of an orbiting satelllte over a tracking station. The
second program was used to compute the orbit of the satellilte,
glven the radar data and the location of the tracking statlon.
Errors were deliberately introduced into the data to simulate
random and bias errors in the radar and uncertaintles 1n site
location. By comparing the computed orbit with the one used

to generate the radar data, the effect of the errors was
observed.

The tracking sites considered for this investlgation were one
ship in the Atlantic Ocean and the followlng land stations:

i Bermuda Guam

| Antlgua Hawall
Ascension Pt. Arguello
Carnarvon Cape Kennedy

J O. Replogle, "Apollo C&TS= Analysis of Tracking
Ship Performance" Case 20053-1, MFF dated 10/16/63.
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A single position for the Atlantic ship would not permit
adequate tracking for all launch azimuths within the permis-
slble range of T72° to 108°. The range of launch azimuths
that might be used on any one day, however, 1s expected to
be only about 26°, which can be covered adequately from a
single position of the ship; furthermore, the midpoint of
the most favorable 26° range moves slowly from day to day,
S0 that a ship could move to maintain a favorable position.
For thils investigatlon two positions were chosen for the
shlp, each to permit acquisition of the spacecraft shortly
before insertion into earth parking orbit. One position
was chosen to give equal coverage for launch azimuths of T72°
and 102°, and the other to give equal coverage for T78° and
108°. Thus, from elther posltion the ship could cover all
but 6 degrees of the T72°-108° range. The two positions and

the resulting coverage of several tracks are shown in
Figure 1.

The tracking coverage provided by the ship and land stations
1s shown in Figure 2. It 1s evident that the coverage 1im-
proves wlth increasing (more southerly) launch azimuths
within the range consldered, 1.e., the coverage 1s poorest
for T2° and best for 108°. These two extremes of launch
azimuth were selected for further analysis.

A radar data sampling interval of six seconds was assumed.
Data were used only above 5 degrees elevation, and only after
Insertion into orbit. For the 72° launch azimuth, these
restrictions limited the radar coverage to that provided by
the shlp, Carnarvon and Cape Kennedy. For the 108° launch
azimuth, all eight stations shown in Figure 2 were used.

The tracking times for the sites are summarized in Table 1.

The random errors applied to the radar data were from normal
distributions having standard deviations of 0.3 milliradians
in angle and 50 feet in range. A different sample from the

appropriate dlstribution was applied to each value of range
and angle,

Blas errors were also drawn from normal distributlions, but
the same value of blas was applied to all measurements of

a glven coordinate at a glven site on a glven pass. Differ-
ent sites and passes had different blases, however. The-

standard deviations of nolse and blas errors are glven in
Table 2.

The sources of bilas errors in a shipboard radar are dlscussed
in the preceding reportl. The blases for land statlons shown
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TABLE 1

TRACKING TIMES*

72° 108°

Antigua 1-1/2 minutes
Ship 3 3

Ascension 5

Carnarvon 3 4

Guam 3

Hawaii 3

Pt. Arguello 5

Cape Kennedy 5 3-1/2

Total 11 28 minutes

*Above 5° elevation



® ' SOURCE OF ERROR
Radar

Nolse
Azimuth
Elevation
Range

Blas
Azimuth
Elevation

Range

Site
Latitude

‘ Longltude

Altltude

*For ship

TABLE 2

STANDARD DEVIATION

0.3 mils
0.3 mils
50 feet

0.08 (0.17*%) mils
0.10 (0.11%*) mils
10 feet

60 (1500*) feet
60 (1500*) feet
85 feet
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in the table are the same except for those sources of error
which are peculliar to shipboard installations (e.g.,
inertial reference and navigation errors).

The computer slmulatlon technique 1s illustrated in Figure 3.
ORACLE 18 an orblt refinement program and requires as inputs,
in addition to radar data and site coordinates, an estimate

of the orblt in terms of six orbital elements and the inverse

of thelr covariance matrix. The orbltal elements and theilr
values are:

ORBITAL ELEMENTS:

Launch Azimuth

72° 108°
node angle -.97 -2.18 radians
inclination .58 .58 radians
period 5310 5310 seconds
e ¢coB w* 0 0
e sin w* 0 0
time of ascending node -830 -1765 seconds

*e = eccentriclty

*w argument of perigee

For the first site the true values of the orbital elements
are used and the covariance matrix 1s set equal to zero, so
that the true values are given no welghting 1n determining
the output set of elements. Random and blas errors are added
to the radar data and bilas errors are .added to the site coor-
dinates before they are used in the computations. The out-
put of ORACLE is a set of orbital elements based on the
perturbed data, along with its associated inverse covarlance
matrix. These outputs are then supplied as inputs to the
program along with data from the next slte. The program in
thls way effectively combines the data from two sites to
obtaln the next set of orbital elements. Thls process 1s
continued until the data from all sites has been asslmlilated.
The entire foregolng procedure 1s repeated some 25 times
using different samples of random numbers for the random and
blas errors, to obtaln results with statistical significance.
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Another lnput to the ORACLE program, not shown in Figure 3,
1s an estimate of the variance of the radar data. This
information 18 used to glve appropriate weighting to the
range, azimuth and elevation data reflecting their relative
accuracles. The welghting scheme was designed to take
account of random errors in the radar data; however, in

the sltuatlon being simulated here, additional uncertainties
in the radar measurements are lntroduced by bias errors--not
only in the radar itself, but also (and to a greater degree)
in the locatlion of the radar. There are a number of ways
that blases mlght be taken into account in weighting the
radar data. One might reason that the data should be weighted:
according to the mean square error in each coordinate (range,
azimuth and elevation), 1.e., use as the variance the sum of
random and blas errors. This would still leave the question
of how to treat blas errors in site location.

These site blases, 1n the local horizontal and vertical,
might be resolved into components corresponding to azimuth,
elevation and range, and then treated as blas errors in
radar coordlnates. Thls procedure would be rather unwieldy;
moreover, consldering the relative magnitude of range and
angle errors and the geometry of the sltuatlon, the angle
errors would not be greatly affected by the addition of site
errors. The range errors, however, would be affected to a
considerable degree, particularly in the case of the ship,
which was assumed to have a standard deviation of error of
1500 feet in the local horizontal. Since most of the track-
ing data 1s obtailned at elevation angles of less than 45
degrees, a large component of the 1500-foot position error
would appear 1n range. In the case of a land station, the
uncertainties of position in the local horizontal (60 ft.)
and 1n the local vertical (85 ft.) are so nearly equal that
the apparent range error due to errors in site location 1s
substantially independent of the elevation angle. Thus,
adding the varliances of horizontal site locatlon and range
bias, then treating the sum as the variance of range bilas,
(and neglecting the effect of site blas on angle measurements)
should approximate reasonably well the transformation of site
blases into radar coordinates.

A significant difference between random errors and biases 1n
measurements from a single site is that the effect of random
errors can be reduced by taking a number of observatlons,
while blas errors are not amenable to smoothing. Silnce
smoothing over n observations reduces the random errors by

a factor ofw/ﬁ without affecting the blas errors, 1t would
seem appropriate to assume a standard deviation 1n the case

of blas./n times the actual blas error.
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It is evident that the subject of the treatment of bias
errors deserves further study. A rigorous analysis was not
attempted in the lnvestigation, but several different welight-
ing schemes were used. While the results do not clearly
establish an optimum method of welghting, they demonstrate
that the accuracy of orblt determlnatlion depends on not only
the accuracy of the radar data, but on the relatlve welght
assigned to the data as well.

The results of three different ways of weighting the data
are presented. The methods of welghting are:

1. Bilases are neglected., Data are welghted
according to the varilances of random error
in the three radar coordinates (standard

deviations of 0.3 mll in angle and 50 feet
in range).

2. An approximate correction for site blas is
made by increasing the assumed standard
deviation of range (for the purpose of
welghting) to 100 feet for a land statlon
and 2000 feet for a ship. Angles %azimuth
and elevation) are weighted as in (1).

3. The effect of smoothlng 1s taken 1nto
account, and the effects of blas and random
errors are combined, by assuming the varlance

for weighting the data (azimuth, elevation
or range) to Dbe:

2 2 2
o = oy oy

where GN = gtandard deviation of random error
(Noise) in a single observation

of = standard deviatlion of blas error
n = number of observations from the site.

For azimuth and elevation, op was the actual

standard deviation of blas error in the radar

coordinates. For range, oﬁ was the root-sum

square of range bias and horizontal site bias
(latitude or longitude).
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The results of these simulations are expressed in terms of
the standard deviation of error (based on about 25 trials)
in a number of parameters, including the six orbital ele-
ments defined previously, and position and veloclty in the
tangentlal, radial, and normal directions at the tracking

slte. Some results are presented below. Others are gilven
in the Appendix.

It 1s important to know, as soon as possible after the end
of powered flight, whether at least one complete earth

orbit can be achleved. Thls can be indicated by the helght
of périgee. Table 3 shows errors in the computed helght of
perigee for the three data-weightling methods described above,
and for launch azimuths of 72 and 108 degrees. While the
estimate of height of perigee from the first tracking site
1s of primary importance, the changes in this initial estl-

mate with data from succeeding tracking stations are also
shown. '

While the accuracy of the calculatlions varles with the site
configuration and the method of welghting the data, these
results indilcate that the helght of perigee can be established
to within a mile or two after tracking by the first site
after insertion. It will be noted that for the 108° launch
azimuth and for the first two welghting methods, using data
from the ship degrades the accuracy of the calculation
obtained with data from Antigua. This 1s probably the
result of the method of combining data of vastly different
accuracles very early in the orbit determination (i.e.,
before the orbit has been firmly established by a long
perlod of previous tracking). It should be pointed out that
the computational methods used in the ORACLE program were
designed for using tracking data to further reflne an
established orbilt, and these methods are not optimum for the
initial determination of an orbilt.

While the helght of perigee 1s probably the most critical
parameter immediately after insertlon, injectlon into lunar
transfer trajectory requires accurate knowledge of the
spacecraft position and veloclty immediately after injectlon
burn. Posltlon and velocity errors have been calculated at
a point in the vicinlty of each slte, using data from that
site (as well as previous sites). Standard devliations of
error in three orthogonal directions were calculated and are
included in the Appendix. These are summarized in Table L
in the form of rms position and veloclty errors. Of the
three welghting methods used, the first (using the varlance
of the random errors) resulted in the smallest errors for
the 72° launch azimuth, 3-site case. In the 108-degree
case, the first method resulted in the smallest errors at
the first slte, but the other two methods worked better at
succeeding sltes.
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.
TABLE 3
ERRORS IN HEIGHT OF PERIGEE
. (standard deviations, feet)
Data welghting method#*
Launch Azimuth Site 1 2 3
72°
Ship 2588 5962 6038
. Carnarvon 288 283 285
Cape Kennedy 180 165 155
108°
Antigua 4112 4400 5987
Ship 6828 8961 7822
Ascension 3175 278 259
Carnarvon 159 72 78
Guam 137 31 35
Hawaiil 61 29 30
Pt. Arguello 32 20 17
Cape Kennedy 47 21 23
. *described 1n text
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TABLE 4

R.M.S. POSITION AND VELOCITY ERRORS*

Launch Azimuth Site

Data Weilghting Method
2

1 3
T2° .
1 2710 12, 500 12, 500
(6.72) (7.85) (8.46)
2 by 682 820
(0.94) (2.13) (2.66)
3 216 200 225
(0.57) (1.41) (1.71)
108°
1 7970 7990 9090
(5.81) (5.81) (6.11)
2 9720 8430 7850
(4.85) (5.29) (4.68)
3 1670 389 Lo6
(1.95) (0.320) (0.29)
4 ko7 174 182
(0.41) (0.15) (0.16)
5 - 585 123 187
- (0.40) (0.10) (0.12)
6 his 138 141
(0.37) (0.08) (0.07)
7 238 126 111
(0.23) (0.06) (0.05)
8 243 132 123
(0.11) (0.05) (0.05)

*position, feet
(velocity, feet per second)
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Any comparison of the several welghting methods should be
made in the light of the small sample size on which the
results are based, An estimate of the standard deviation
‘ of a population based on a sample of 25 (the approximate

number of runs made under each set of conditilons) has 90
per cent confidence limits* of approximately .8and1l.3
times the calculated value. The differences between
welghting methods seem less significant when these limits
are considered. As an example, Table 5 gives confildence
1limits on the error in height of perigee for the first two
tracking sites on the 108° launch azimuth.

TABLE 5

90 Per Cent Confidence Limits on Height of Perigee
(Standard Deviatlon of Error, Feet)

Welghting Method

1 2 3
Antigua 3300-5000  3500-5800 T800-7900
Ship . 5500~3000 T7200-11, 800 6300-10, 300

The results of this investigation indicate the kind of
accuracies that can be achleved with an exlisting computer
program. They also emphaslze the difficultlies assoclated
with combining data from different sources of different
accuracles., In particular, the problem of using data from
: a ship whose location is uncertaln 1s emphasized. The need
for further study in (1) methods of using data with large
errors (particularly biases) and (2) possible ways of

reducling the uncertainty of a tracklng ship's position is
indicated.

L. w. & 1o
®

R. W. PRIESTER

() A -
l);,,ﬁnj,1655761,.
RWP . : g
WH-4325-~ ~GMR 7"J. 0., REPLOGLE
JOR 1
Att.
Appendix
Copy to

See next page

*According to a method by Blackman and Tukey
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